The DNA repair scaffold XRCC1 binds to poly(ADP-ribose)ylated PARP1 at damaged chromatin. Results: XRCC1 preferentially binds to poly(ADP-ribose) chains longer than 7 ADP-ribose units in length.
Reversible protein posttranslational modifications (PTMs) 3 increase the functional diversity of proteins and enable rapid switching of protein activities between "on" and "off" states (1) . The majority of these PTMs alter binding activities, regulating either enzyme-substrate complexes or protein-protein interactions. PARP1 is a poly(ADP-ribose) (PAR) polymerase that is activated by binding to DNA strand breaks, causing PARylation of PARP1 and other substrates including histones, chromatinremodeling enzymes, and DNA repair factors (2) . PARP1 synthesizes branched PAR chains that can be hundreds of nucleotides in length, rivaling the native size of many proteins that are modified by PARP1. The PAR PTM generates a nidus of negative charge that can interfere with protein functions such as the DNA binding activity of PARP1, while creating new binding sites for PAR-specific binding proteins that mediate many of the downstream responses to this posttranslational modification. The PAR glycohydrolase (PARG) hydrolyzes PAR chains into mono(ADP-ribose) and oligo(ADP-ribose) products (3) . The potential roles of oligo(ADP-ribose) chains generated during PAR turnover as signaling molecules and effectors of cell death are an active area of research (4) . The terminal enzymatic products of the PARG reaction are ADP-ribose and a mono-(ADP-ribose)ylated protein, which is a substrate for recently identified mono(ADP-ribose) glycohydrolases (5) .
The synthesis and turnover of PAR by PARP1 and PARG, respectively, are required for normal responses to DNA damage and the maintenance of genomic integrity (6) . Auto-modified PARP1 recruits a DNA repair scaffold XRCC1 to sites of DNA damage in a PAR-dependent manner (7) . The PARP1-XRCC1 complex is subsequently disassembled to marshal the DNA repair activities associated with XRCC1, whereas PARP1 is polyubiquitinylated and degraded (8, 9) . PARylated PARP1 binds to a conserved PAR-binding motif (PBM) located in one of two BRCA1 C terminus (BRCT) domains of XRCC1 (see Fig. 1A) (7, 10, 11) . Pharmacological blockade of PARP1 by small molecule PARP inhibitors slows the repair of DNA single-and double-strand breaks, selectively killing tumors with genetic defects in homology-directed repair including BRCA-deficient breast cancer cells (12) (13) (14) . A deficiency in PARG glycohydrolase activity prolongs DNA damage foci, containing PAR, and similarly delays DNA repair, causing hypersensitivity to DNAdamaging agents and selective killing of BRCA-deficient cancer cells in a manner similar to PARP inhibition (15, 16) .
XRCC1 and other PAR-binding proteins mediate many of the downstream responses to PARP1 activation in the face of DNA damage. Several types of PAR-selective binding domains have been identified (3) , and hundreds of PAR-interacting proteins have been reported in proteomic studies (10, 17) . Our understanding of the kinetics and thermodynamics of these PAR binding interactions is rudimentary (18) , yet this information is essential for a mechanistic description of PAR-dependent regulation of DNA damage responses and other biological processes.
Here, we describe a kinetic assay using time-resolved fluorescence resonance energy transfer (TR-FRET) to quantitatively monitor the interaction of XRCC1 with automodified PARP1 and the disassembly of the protein complex by PARG (see Fig.  1B ). We find that the PAR PTM by itself supports high-affinity binding to XRCC1 and requires a PAR chain length of at least 7 ADP-ribose units. PARG rapidly reverses the PARylation of PARP1 and efficiently disassembles the PARP1-XRCC1 complex, thereby uncoupling the DNA repair scaffolding activities of XRCC1 from PARP1, which is targeted for proteasomal degradation after recruiting XRCC1 to sites of DNA damage (9) . Our TR-FRET assay enables studies of PAR binding specificity and the kinetics of PAR chain degradation. Its highly reproducible readout in a multi-well format makes the assay suitable for high-throughput screening to identify modifiers of these PARdependent activities.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The DNA-binding domain (residues 1-374) of human PARP1 and the PARP1C catalytic domain (residues 375-1014) were cloned in pET28a (Novagen) with an N-terminal His tag. The proteins were expressed in Escherichia coli Rosetta host cells and purified as described previously (19) . The GST-tagged PARP1C construct in pGEX-6p1 (GE Healthcare) was expressed in E. coli Rosetta cells and then purified by affinity capture on a GSH-Sepharose column (GE Healthcare). After elution with a buffer containing 10 mM glutathione, the GST-PARP1C protein was further purified on a Superdex 200 size-exclusion column (GE Healthcare) in buffer containing 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM dithiothreitol, and 5% glycerol. The wild type and catalytically inactive mutant (E752N) of rat PARG (residues 385-972) were expressed and purified from E. coli Tuner (DE3) cells coexpressing the GroESL chaperone, as described previously (19) .
The GST-tagged BRCT1 domain of human XRCC1 (residues 294 -417; cloned in pGEX-6p1) was expressed in E. coli Rosetta cells and then purified by glutathione affinity chromatography.
Following cleavage of the GST tag with PreScission protease (GE Healthcare), the BRCT1 domain was purified on a Sephacryl 100 (GE Healthcare) size-exclusion column. XRCC1⌬N (residues 294 -633) was cloned in pET32a (Novagen) with an N-terminal thioredoxin and His tag and expressed in E. coli Rosetta cells. XRCC1⌬N was purified by Ni-NTA (Qiagen) affinity chromatography. The protein was eluted from Ni-NTA with 250 mM imidazole and then loaded onto a heparin column (GE Healthcare) and eluted with a 0 -1 M NaCl gradient. The thioredoxin/His tag was removed from XRCC1⌬N with PreScission protease before purification on a Superdex 200 column. Phosphorylated XRCC1⌬N was prepared by co-expression with human casein kinase 2␣ (CK2␣) in E. coli Rosetta cells followed by purification using the same protocol as for XRCC1⌬N. The 15 sites of phosphorylation were confirmed by LC-MS/MS. The BRCT2 domain of human XRCC1 (residues 538 -633) was cloned into pET28a with an N-terminal His tag, expressed in E. coli Rosetta cells, and then purified using a Ni-NTA affinity column followed by Superdex 200 chromatography.
Biotinylation of the XRCC1 BRCT1 Domain-The BRCT1 domain of XRCC1 (residues 294 -405) was cloned in pGEX-6p1 with a C-terminal biotin acceptor peptide tag and co-expressed with the BirA biotin ligase (pACYC184-BirA plasmid; Avidity) in E. coli BL21 (DE3) cells. This design placed the biotin acceptor peptide tag adjacent to the predicted binding site for poly(ADP-ribose) (PBM motif) to optimize FRET efficiency when bound to FITC-labeled PARP1. The biotinylated BRCT1 was purified using the same protocol as the GST-BRCT1 protein (residues 294 -417) described above. Efficient biotinylation of BRCT1 was confirmed by mixing biotin-labeled and unlabeled BRCT1 (2 M) with increasing amounts of streptavidin (1-4 M) followed by a 20-min incubation at 4°C and analysis by SDS-PAGE. The electrophoretic mobility shift assay confirmed that virtually all of the purified BRCT1 could be bound to streptavidin.
Fluorescein Labeling of Poly(ADP-ribose) of PARP1-FITC was incorporated into enzymatically auto-modified PARP1 in a reaction containing PARP1C (2 M), the PARP1 DNA-binding domain (2 M), a 24-mer nicked DNA oligonucleotide (2 M), and a mixture of unlabeled NAD ϩ (Sigma) and FITC-NAD ϩ (Trevigen) substrates (total NAD ϩ concentration of 100 M). After incubation for 1 h at 37°C, PARylated PARP1 was passed through a PD-10 (GE Healthcare) desalting column in a buffer containing 25 mM Tris-HCl (pH 7.5), 50 mM NaCl, and 0.01% NP-40. This strategy specifically labels the PAR chains of PARylated PARP1 without altering its XRCC1 binding activity as compared with unlabeled PARylated PARP1 (see Fig. 2A ).
GST Pulldown Assay-PARylated GST-PARP1C (2 M) was immobilized by incubating with GSH-Sepharose beads for 10 min at 4°C in buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM DTT, and 10% glycerol. The beads were washed extensively with the binding buffer, and then 10 M of a Histagged XRCC1 domain was added (BRCT1, BRCT2, or biotinylated BRCT1 conjugated to streptavidin in a 1:1 ratio) and incubated for 1 h at 4°C. After washing beads four times with the binding buffer, samples were analyzed by SDS-PAGE followed by staining with SYPRO Ruby staining (Invitrogen) and fluorescence imaging (GE Healthcare Typhoon).
Quantitative Assay for Poly(ADP-ribose) Binding and Turnover
Poly(ADP-ribose) Synthesis and Purification-Poly(ADP-ribose) chains were prepared by a published protocol (20) . PAR polymers were synthesized in a 20-ml reaction mixture containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 1 mM DTT, 12.5 g/ml calf thymus DNA, 2 M full-length PARP1, 4 M PARP1C, and 2 mM NAD ϩ . PARylated PARP1 was precipitated in 10% ice-cold TCA, and the pellet was resuspended in 1 M KOH and 50 mM EDTA and then incubated for 1 h at 60°C to detach PAR polymers from the denatured PARP1. The PAR chains were recovered on a dihydroxyboryl Bio-Rex 70 column and then size-fractionated on a DNA-Pac PA100 (Dionex) ionexchange column. PAR polymers were divided into pools representing different size fractions based on the HPLC elution profile (20) , dried under vacuum, and then desalted into water using a PD-10 desalting column. Purified PAR chains were dried under vacuum and dissolved in water at a final concentration of 2-6 mM. The molar concentration of PAR (expressed as the concentration of ADP-ribose units) was estimated as follows: (20) . UV absorbance at 260 nm (A 260 ) was measured with a NanoDrop 1000 (Thermo Scientific). Iso-ADPr was prepared as reported previously (21) with the following modifications. PAR chains (1 mg) were digested with snake venom phosphodiesterase (10 units; Worthington) in a reaction buffer of 50 mM Tris-HCl, pH 8.8, 0.1 M NaCl, and 15 mM MgCl 2 during an overnight incubation at room temperature. Iso-ADPr was further purified on a DNA-Pac PA100 ion-exchange column and desalted with water using a Sephacryl 100 size-exclusion column. Purified iso-ADPr was dried under vacuum and dissolved in water to 5 mM final concentration.
TR-FRET Assay for Poly(ADP-ribose) Binding and Turnover-TR-FRET experiments were performed in a final volume of 30 l in 384-well polystyrene flat bottom microplates (Corning) using a Synergy2 microplate reader (Bio-Tek). TR-FRET assays were performed in triplicate in a buffer consisting of 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, and 0.01% NP-40. The Tb 3ϩ donor was excited at 340 nm with the fluorescein acceptor intensity measured at 520 nm, with a 100-s of delay after donor excitation.
To monitor the binding interaction of PARP1 and XRCC1, the biotin-tagged BRCT1 domain of XRCC1 (5 nM) was conjugated with an equimolar concentration of Tb 3ϩ -chelated streptavidin (Invitrogen) in TR-FRET assay buffer. The Tb 3ϩlabeled BRCT1 domain was subsequently titrated with FITClabeled PARP1. In control reactions, FITC-labeled PARP1 or biotinylated BRCT1 were omitted. For the TR-FRET competition binding assay, the preformed FRET pair consisting of FITC-labeled PARP1 (42 nM) and Tb 3ϩ -BRCT1 (5 nM) was challenged with unlabeled XRCC1 constructs (BRCT1, BRCT2, XRCC1⌬N, or XRCC1⌬N-p) or small ligands (ADP-ribose (Sigma), iso-ADPr, and PAR polymers) at the indicated concentrations. The EC 50 values were determined by fitting the data (F 520 /F 495 ) to Equation 1.
The data for all competitor concentrations were globally fitted to the maximum value (Y max ) in Equation 1, which generated consistent minimum values (Y min ).
To monitor PAR turnover using the TR-FRET assay, FITClabeled PARP1 (42 nM) was preincubated with Tb 3ϩ -BRCT1 (5 nM) before the addition of the indicated concentrations of rat PARG (0 -800 nM) at time 0 min. The TR-FRET signal was subsequently monitored for 90 min. A K1 ⁄ 2 value for PARG-dependent disassembly of the PARP1-XRCC1 complex was determined by pretreating FITC-labeled PARP1 (42 nM) with rat PARG (0 -375 nM) for 2 h and then adding Tb 3ϩ -labeled BRCT1 (5 nM) and immediately measuring the TR-FRET intensity ratio. Control reactions in the absence of PARG (100%) or BRCT1 (0%) were used for normalization of the TR-FRET intensity ratio. The data were plotted as a function of PARG concentration and fit to a hyperbolic function.
LC-MS/MS Identification of CK2-dependent Phosphorylation Sites of XRCC1-XRCC1⌬N-p (20 g) was resuspended in 50 mM ammonium bicarbonate and incubated with trypsin (2 g) for 16 h at 37°C. The sample was dried in a SpeedVac (Thermo Fisher) and resuspended in 20 l of 5% acetonitrile/ 0.1% formic acid. Peptides were analyzed with a LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) coupled with nanoLC Ultra (Eksigent). Samples (5 l) were injected into a trap column (C 18 PepMap100, 300 m ϫ 1 mm ϫ 5 m, 100 Å; Dionex) at a flow rate of 4 l/min for 5 min. Peptide separation was carried out on a C 18 column (Acclaim PepMap C18, 15 cm ϫ 75 m ϫ 3 m, 100 Å; Dionex) at a flow rate of 0.26 l/min. Peptides were separated with an 85-min linear gradient ranging from 2 to 40% B (mobile phase A, 0.1% formic acid; mobile phase B, 0.1% formic acid in acetonitrile). The mass spectrometer was operated in positive ionization mode. The MS survey scan was performed in the Fourier transform cell, recording a mass range of 300 -2000 m/z. The resolution was set to 60,000 at 400 m/z, and the automatic gain control was set to 1,000,000 ions. Collision-induced dissociation fragmentation was used in the MS/MS scan, and the 20 most intense signals in the survey scan were fragmented. Fragmentation was performed with an isolation window of 1.5 m/z, a normalized collision energy of 35%, and an activation time of 30 ms. Dynamic exclusion was performed with a repeat count of 1 and exclusion duration of 12 s. The minimum MS signal for triggering MS/MS was set to 5000.
The data were processed using Mascot Distiller v2.3 and searched using Mascot Demon v2.3 (Matrix Science). The search was performed against the sequence of XRCC1 included in a customized database. Data were further analyzed with Scaffold v3.0.9.1 and Scaffold PTM v1.1.0.1 (ProteomeSoftware) to calculate the Ascore for the identified phosphorylation sites. Ascore measures the probability of correct phosphorylation site localization based on the presence and intensity of sitedetermining ions in MS/MS spectra.
as the FRET donor because its long-lived excited state is compatible with TR-FRET, a protocol that decreases interference from auto-fluorescence of biological samples or organic small molecules (22) . Tb 3ϩ -chelated streptavidin was bound to the biotinylated BRCT1 domain of XRCC1, which harbors the PBM (11) . The FRET acceptor, FITC, was incorporated into auto-modified PARP1 by enzymatic synthesis of PAR chains using a mixture of unlabeled NAD ϩ and FITC-NAD ϩ substrates ( Fig. 1B) . A protein construct comprising the auto-modification, WGR, and catalytic domains of PARP1 (PARP1C; res-idues 1-1014; Fig. 1A ) was auto-modified in an enzymatic reaction containing the DNA-binding domain of PARP1, a nicked DNA oligonucleotide, and NAD ϩ . Pulldown experiments with GST-tagged PARP1C confirmed that the BRCT1 domain binds tightly to auto-modified PARP1C, but not to unmodified PARP1C ( Fig. 2A) . This result demonstrates a direct interaction between XRCC1 and automodified PARP1, extending previous findings in which BRCT1 was co-immunoprecipitated with PARP1 from mammalian cell extracts (23) . The fluorescent labels did not interfere with the protein-pro- Fig. 1A) was labeled by the addition of the purified DNA-binding domain (2 M), a nicked DNA (2 M), and a mixture of FITC-NAD ϩ and NAD ϩ (at a total NAD ϩ concentration of 100 M). Based on the FRET intensity ratio generated upon binding to the Tb 3ϩ -labeled BRCT1 domain, a substrate ratio of 1:7 FITC-NAD ϩ :NAD ϩ was chosen for fluorescein-labeling of PARP1 in this study. Error bars indicate means Ϯ S.E. C, the TR-FRET intensity ratio (F 520 /F 495 ) resulting from PARP1-XRCC1 complex formation is Ͼ10-fold higher than the background signal when the FITC-PARP1 acceptor or the BRCT1 domain is omitted from the reaction. Error bars indicate means Ϯ S.E. D, the TR-FRET intensity ratio is sensitive to the concentration of NaCl, consistent with an electrostatic interaction between BRCT1 and PARylated PARP1C. Error bars indicate means Ϯ S.E. tein interaction, even at high concentrations of FITC-NAD ϩ in the PARylation reaction ( Fig. 2A) .
The amount of FITC-NAD ϩ incorporated into PARP1 was optimized at a 1:7 ratio of FITC-NAD ϩ :NAD ϩ , which saturates the FRET intensity ratio (F 520 /F 495 ) using a minimal amount of labeled NAD ϩ substrate in the PARylation reaction (Fig. 2B) . Assembly of the PARP1-BRCT1 complex generates more than a 10-fold increase in the TR-FRET signal in comparison with control reactions lacking the donor or the acceptor (Fig. 2C) . Under FRET conditions, the intensity of Tb 3ϩ emission (F 495 ) decreases slightly with increasing concentrations of labeled PARP1, whereas the intensity of FITC fluorescence (F 520 ) increases (data not shown). The TR-FRET signal resulting from PARP1-XRCC1 complex formation is sensitive to increasing salt concentration (Fig. 2D) as expected for an electrostatic interaction of the negatively charged PAR chains with basic residues of the PBM (10, 11) . The high specificity of the XRCC1-PARP1 binding interaction is evident from the saturable binding isotherm and the low background fluorescence in the absence of biotinylated BRCT1 or FITC-labeled PARP1 (Fig. 2C) .
BRCT1 Is Sufficient for Binding to PARylated PARP1 with a Nanomolar Affinity-To examine the binding specificity of PARylated PARP1 in more detail, the isolated BRCT1 and BRCT2 domains of XRCC1 were tested as ligands in competition binding experiments. When overexpressed in mammalian cells, the BRCT1 domain of XRCC1 was co-immunoprecipitated preferentially with auto-modified PARP1 (23), whereas BRCT2 lacks the PBM motif and instead interacts specifically with the BRCT domain of DNA ligase III␣ (24, 25) . The recombinant BRCT1 and BRCT2 domains purified from E. coli (Fig.  3A) were titrated against a fixed concentration of the labeled PARP1-XRCC1 complex. BRCT1 caused a concentration-dependent inhibition of the TR-FRET signal with an EC 50 of 25 Ϯ 4 nM (Fig. 3B ). BRCT2 did not compete for binding to PARP1 at concentrations up to 1 M in the TR-FRET assay (Fig. 3B ) and did not interact with PARylated PARP1 in GST pulldown experiments (data not shown). Ten out of eleven high-occupancy phosphorylation sites (Ascore values Ͼ20 in panel D) are located in the linker between the two BRCT domains. Eight sites (Ser-418, Ser-421, Ser-475, Ser-485, Thr-488, Ser-518, Thr-519, Thr-523, and Ser-525) are consistent with a previous study that predicted the phosphorylation sites based on atypical CK2 target motifs in XRCC1 (27) . The proposed binding sites for polynucleotide kinase phosphorylase (PNK) and aprataxin (APTX) include the phosphorylation sites Ser-518, Thr-519, and Thr-523 identified in our experiments. FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6
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The linker region separating the BRCT1 and BRCT2 domains of XRCC1 (residues 418 -537; Fig. 1A ) contains binding sites for the DNA repair factors polynucleotide kinase and aprataxin (24, 26) . Phosphorylation of the linker by CK2 stimulates binding of polynucleotide kinase, and accelerates the recruitment of XRCC1 and repair of DNA strand breaks (27, 28) . An XRCC1 construct spanning both BRCT1 and BRCT2 (XRCC1⌬N; Figs. 1A and 3A) binds to auto-modified PARP1C with an affinity (EC 50 of 62 Ϯ 9 nM) comparable with BRCT1 alone (Fig. 3B) , indicating that the PAR-binding site is wholly contained in the BRCT1 domain of XRCC1.
To explore the potential contribution of XRCC1 phosphorylation to PARP1 binding, the phosphorylated XRCC1⌬N (XRCC1⌬N-p) protein was prepared by co-expression with human CK2␣ in E. coli and tested for binding to auto-modified PARP1. Mass spectrometry of XRCC1⌬N-p confirmed the identities of 15 CK2-dependent phosphorylation sites within the linker and BRCT2 domain (27) (Fig. 3, C and D) . XRCC1⌬N-p binds to PARP1 with 3-fold lower affinity (EC 50 of 196 Ϯ 29 nM) than unphosphorylated XRCC1⌬N (Fig. 3B) , raising the possibility that phosphorylation of XRCC1 by CK2 may regulate the binding affinity for auto-modified PARP1 and contribute to the release of XRCC1 once it is recruited by PARP1 to a site of DNA damage. The extent of phosphorylation of XRCC1⌬N-p is unknown, and the observed decrease in binding affinity may be a minimal estimate of the effect of XRCC1 phosphorylation.
XRCC1 Has Strict Ligand Specificity to PAR Chains Longer than 7 ADP-ribose Units-The PAR binding specificity of the PBM has not been characterized for XRCC1 or any other protein (3). We performed TR-FRET binding competition experiments to determine the minimum length of PAR oligonucleotide that binds effectively to XRCC1. Oligo(ADP-ribose) chains were prepared by enzymatic synthesis and purified with ionexchange HPLC as reported previously (20) . BRCT1 binds weakly to ADP-ribose (EC 50 of 1.39 Ϯ 0.06 mM), whereas oligo(ADP-ribose) ligands with a chain length greater than 7 ADP-ribose units are bound tightly with EC 50 values of ϳ20 nM (Fig. 4A ). The di(ADP-ribose) analog, iso-ADPr, prepared by digestion of PAR chains with snake venom phosphodiesterase, did not compete effectively for the PARP1-XRCC1 complex (Fig. 4A ). Intermediate lengths of oligo(ADP-ribose) corresponding to a 3-mer (EC 50 of 6035 Ϯ 1264 nM) or 4-mer (EC 50 of 472 Ϯ 61 nM) showed lower affinity for XRCC1 ( Fig. 4B) , consistent with the intermediate binding affinity (EC 50 of 110 Ϯ 13 nM) of an oligo(ADP-ribose) pool enriched for chain lengths of 2-mer to 7-mer ( Fig. 4A) . In contrast to a previous study (29) , we find that XRCC1 binds selectively and with high affinity to poly(ADP-ribose) ligands longer than 7 ADP-ribose units in length. Under these conditions, BRCT1 does not bind to poly(A) oligoribonucleotides (data not shown). Taken together, these data indicate that XRCC1 has strict ligand preference to PAR chains longer than 7 ADP-ribose units.
PAR Turnover by PARG Efficiently Disassembles PARP1-XRCC1-PARG degrades the PAR PTM by a combination of exo-and endo-glycohydrolase activity (19, 30, 31) , leaving a single ADP-ribose moiety attached to PARP1 that is a substrate for the recently identified mono(ADP-ribose) (MAR) hydro-lases (32) . Because XRCC1 binds weakly to ADP-ribose and iso-ADPr (Fig. 4) , we hypothesized that PARG enzymatic activity should be sufficient to disassemble the PARP1-XRCC1 complex, leading to a time-dependent loss of TR-FRET signal (Fig.  5A) . To test this hypothesis, the TR-FRET signal from the labeled PARP1-BRCT1 complex was monitored during challenge with increasing concentrations of PARG (Fig. 5, B and C) .
The addition of PARG causes a time-dependent loss of the TR-FRET signal, with the rate of loss dependent upon the concentration of PARG (Fig. 5C ). The addition of the catalytically inactive mutant PARG E752N does not alter the TR-FRET signal (Fig. 5, B and D) , showing that enzymatic turnover of the PAR PTM is required for disassembly of the PARP1-XRCC1 complex. Pretreatment of auto-modified PARP1 with PARG prevents binding to XRCC1 (Fig. 5E ), further evidence that XRCC1 does not bind to the MARylated PARP1 product of the PARG digest. It was recently reported that XRCC1 binds equally well to poly(ADP-ribose) and to ADP-ribose based on K D measurements from isothermal titration calorimetry (29) . However, our results show that XRCC1 binds to poly(ADP-ribose) with nanomolar affinity ( Fig. 4) and binds with millimolar affinity to ADPribose. This binding selectivity for oligo(ADP-ribose) chains is corroborated by the significant loss of affinity for short chain PAR oligomers as compared with longer chains (Fig. 4) , and the ability of PARG to regulate the PARP1-XRCC1 interaction by converting PARylated PARP1 into MARylated PARP1, which retains a terminal ADP-ribose modification but does not bind to XRCC1 (Fig. 5 ). Binding partners for MARylated PARP1 have not been identified, but mutations of the MAR hydrolase Fig. 3B ). Therefore, most of the binding affinity of the PARP1-XRCC1 interaction is derived from contacts to the PAR posttranslational modification of PARP1 and not PARP1 residues per se. ND, not determined.
Quantitative Assay for Poly(ADP-ribose) Binding and Turnover
that removes the terminal mono(ADP-ribose) are linked with a severe, inherited neurodegenerative disease (5) .
The rates of PARG activity obtained using the TR-FRET assay were corroborated by monitoring the PARylation status of FITC-labeled PARP1 by SDS-PAGE analysis, in reactions performed under identical conditions. PARG caused a timeand concentration-dependent loss of FITC fluorescence associated with PARP1, on a time course matching the kinetics of the TR-FRET signal decay (Fig. 6) . These results indicate that the enzymatic activity of PARG alone can disassemble the PARP1-XRCC1 complex.
DISCUSSION
We have developed a quantitative, real-time TR-FRET assay that measures both PAR binding and turnover by PARG in the context of a protein covalently modified by PAR (Fig. 1) . The TR-FRET assay is less cumbersome than existing methods for PAR binding and turnover, such as radiometric assays using protein-free 32 P-labeled PAR chains (31, 33) . In a multi-well format, the TR-FRET assay is compatible with high-throughput screening to identify small molecule regulators of PARGand PAR-mediated protein-protein interactions. More generally, it is compatible with monitoring a variety of con-ditional protein-protein interactions that are regulated by PTMs, as well as real-time assays of the enzymes that turn over these modifications. FIGURE 5 . PARG efficiently disassembles the PARP1-XRCC1 complex. A, schematic of the TR-FRET assay for PAR turnover. The addition of PARG to the labeled PARP1-XRCC1 complex removes the PAR posttranslational modification from PARP1, causing the complex to fall apart with the loss of the TR-FRET signal. B, a SDS-PAGE gel image of purified PARG proteins (1 g) that were used for the TR-FRET PARG activity assay. C, a real-time monitoring of the disassembly of the PARP1-XRCC1 complex by PARG. The rates of complex disassembly, measured by the loss of TR-FRET, are comparable with the rates of PAR hydrolysis monitored by SDS-PAGE for similar reaction conditions, demonstrating that the TR-FRET signal is correlated with the PARylation status of PARP1. D, PARG enzymatic activity is required for disassembly of the PARP1-XRCC1 complex. A time-dependent loss of the TR-FRET signal is observed for the reaction with PARG WT but not with the catalytically inactive mutant PARG E752N , indicating that PARG enzymatic activity is required to disassemble the PARP1-XRCC1 complex. E, PARylated PARP1C was preincubated with increasing concentrations of PARG for 2 h, and the TR-FRET signal was measured by the addition of Tb 3ϩ -BRCT1. The loss of interaction after complete digestion of PARylated PARP1 with PARG confirms that XRCC1 does not bind to mono(ADP-ribose)ylated PARP1. Our data show that XRCC1 has a strict binding preference for poly(ADP-ribose) over mono-or di(ADP-ribose), with the length of the PAR chain as the main determinant of the PARP1-XRCC1 interaction (Fig. 4) . The EC 50 values of BRCT1 (25 Ϯ 4 nM), XRCC1⌬N (EC 50 of 62 Ϯ 9 nM), and poly(ADP-ribose) (EC 50 of ϳ20 nM) determined by the TR-FRET assay are in good agreement with a published K D value (36 nM) for the interaction between poly(ADP-ribose) and the full-length XRCC1 measured by the surface plasmon resonance (34) . This agreement is a validation of the TR-FRET assay as an accurate method for comparing binding affinities of proteins and ligands. The comparable, nanomolar affinities of protein-free PAR chains ( Fig. 4 ) and the BRCT1 domain ( Fig. 3) suggest that the PARP1-XRCC1 interaction is dominated by contacts with the PAR PTM, but not with the PARP1 protein itself. We conclude that XRCC1 interacts primarily with the PAR PTM of PARylated PARP1 with few, if any, binding contacts to the PARP1 protein. As such, protein-free PAR chains and the BRCT1 domain of XRCC1 are equipotent as competitive inhibitors of the PARP1-XRCC1 interaction.
Both PARP1 enzymatic activity and PARG enzymatic activity are required for DNA repair function of XRCC1 (15) . PARG alone can efficiently disassemble the PARP1-XRCC1 complex (Fig. 5 ) by degrading the PAR chains to lengths that no longer bind XRCC1 (Fig. 4) . Under our assay conditions, XRCC1 rapidly dissociates from PARP1 once PARG is added to the reaction. It was previously reported that the catalytic efficiency of PARG depends on the length of the PAR chain substrate (30, 31, 35) . Long PAR polymers are efficiently hydrolyzed (K m ϭ ϳ1 M) by a combination of endo-and exo-glycosidic activity (35) , whereas smaller PAR oligomers are poor substrates for PARG (K m Ͼ 10 M). This substrate length dependence of PARG activity may fine-tune the timely dissociation of XRCC1 from PARP1 during active PAR synthesis by PARP1 and degradation by PARG.
While PAR chains are being hydrolyzed by PARG, PARylated PARP1 is polyubiquitinated by CHFR, a PAR-dependent RING E3 ubiquitin ligase, to target PARP1 for degradation by the proteasome (9) . Withstanding turnover of PAR and proteasomal degradation of PARP1, XRCC1 is retained at damaged chromatin to coordinate DNA repair. The retention of XRCC1 in the face of PARP1 removal may indicate that XRCC1 is handed off to a new binding partner to continue the process of DNA repair. The PARG-catalyzed release of XRCC1 from PARP1 could facilitate a handoff of XRCC1 to another chromatin-associated factor (15) or to bind DNA by virtue of the DNA binding activities of repair factors stably associated with XRCC1 (36).
